Results of studies on paternal smoking and spontaneous abortions have been inconsistent. The authors examined the effect of paternal smoking on the risk of pregnancy loss in a prospective cohort of 526 newly married, nonsmoking, female textile workers in China between 1996 and 1998. Upon stopping contraception, subjects provided daily urine specimens and records of vaginal bleeding for up to 1 year or until clinical pregnancy. Daily urinary human chorionic gonadotropin was assayed to detect conception and early pregnancy losses, and pregnancies were followed to detect clinical spontaneous abortions. Subjects were grouped by the number of cigarettes that husbands reported smoking daily: nonsmokers (group 1, n = 216), fewer than 20 cigarettes (group 2, n = 239), and 20 or more cigarettes (group 3, n = 71). Compared with that for group 1, the adjusted odds ratio of early pregnancy loss of any conception for group 2 was 1.04 (95% confidence interval (CI): 0.67, 1.63) and for group 3 was 1.81 (95% CI: 1.00, 3.29). The adjusted hazard ratio of conception for group 2 was 0.90 (95% CI: 0.70, 1.18) and for group 3 was 0.96 (95% CI: 0.66, 1.39), while the adjusted hazard ratio of clinical pregnancy for group 2 was 0.93 (95% CI: 0.72, 1.20) and for group 3 was 0.78 (95% CI: 0.55, 1.12). The authors conclude that heavy paternal smoking increased the risk of early pregnancy loss through maternal and/ or paternal exposure. abortion, spontaneous; biological markers; chorionic gonadotropin; embryo loss; maternal exposure; prospective studies; smoking; tobacco smoke pollution Abbreviations: CI, confidence interval; hCG, human chorionic gonadotropin.
In many regions of the world, the prevalence of tobacco use is much higher among men than women. In China, for example, a 1996 national study of smoking prevalence found that 70 percent of men but only 4 percent of women currently smoked. However, 70 percent of nonsmoking Chinese women between the ages of 20 and 50 years reported exposure to passive smoke. Among exposed women, 72 percent reported that their passive smoke exposure occurred daily (1) . Furthermore, studies based upon both self-reports and biologic indicators of exposure have shown consistently that the exposure of pregnant women to passive smoke is widespread (2) and that the smoking status of a woman's partner is the strongest predictor of her exposure to passive smoke (3) . Among women reporting passive smoke exposure in the national 994 Venners et al.
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Chinese survey, 82 percent reported exposure at home compared with 28 percent in public places and 19 percent at work (1) . It is important to elucidate the effects of paternal smoking on pregnancy because, even if the magnitudes of effects are modest, the adverse impacts on the public's health will be widespread with exposure so prevalent.
Although previous studies have shown that active maternal smoking increased the risk of spontaneous abortion (4) (5) (6) , results of investigations of increased risk due to maternal exposure to passive smoke have been inconsistent. Most have shown no evidence of an effect on the risk of spontaneous abortion (4, (7) (8) (9) (10) (11) . Some authors have suggested that inconsistent findings in previous studies of spontaneous abortion and passive smoke might have resulted from a failure to assess early pregnancy losses occurring before clinical detection of pregnancies (12) . We are unaware of any previous studies that have directly investigated the effect of paternal smoking on early pregnancy loss. However, to define accurately all conceptions and pregnancy losses in a population, researchers must follow a cohort of women prospectively from the beginning of cycles without contraception until occurrence of the endpoints of interest. The detection of early pregnancy loss, which is not clinically apparent, requires a sensitive and specific test for pregnancy such as the assay of urinary human chorionic gonadotropin (hCG). Without the use of an appropriate biomarker, only clinical spontaneous abortion would be observable because early pregnancy loss would not be detectable.
The development of sensitive and specific urinary hCG assays has made it possible to detect pregnancy close to the time of implantation (13) . With the hCG assay, several studies have shown that approximately one third of all conceptions detected by the hCG assay failed to survive to delivery and that over two thirds of pregnancy losses occurred before clinical detection of pregnancy (14, 15) . The use of urinary hCG as a biomarker provides an opportunity to investigate the effect of paternal smoking on early pregnancy loss.
We investigated the effect of paternal smoking on pregnancy loss using a large prospective cohort of women who participated in a reproductive health study in Anhui, China. We report the effect of husbands' current smoking on time to conception and clinical pregnancy and on pregnancy losses occurring before and after clinical detection of pregnancy.
MATERIALS AND METHODS

Study population
This is part of a large prospective study of reproductive health conducted from 1996 to 1998 in textile mills in Anhui, China. The Institutional Review Board of the Harvard School of Public Health and collaborating Chinese institutions approved our study protocols. We obtained written informed consent from each woman and her husband.
We previously reported a detailed description of the study population and data collection methods (15) . Briefly, the eligibility criteria for women in the field enrollment were as follows: 1) full-time employment, 2) aged 20-34 years, 3) newly married, and 4) had obtained permission to have a child. All the women were nulliparous. Women were excluded if they 1) were already pregnant before enrollment, 2) had tried unsuccessfully to get pregnant for 1 year or longer at any time in the past, or 3) planned to quit/change jobs or move out of the city over the 1-year course of followup.
Of 1,006 newly married women who were screened (more than 90 percent of newly married women employed at the mill), 961 met eligibility requirements and agreed to enroll. We excluded 435 enrolled women from this analysis because they did not collect daily urine (n = 121), did not begin collecting urine soon after stopping contraception (n = 53), never stopped using contraception (n = 95), became pregnant because of contraceptive failure (n = 78), were lost to followup (n = 8), withdrew shortly after enrollment (n = 27), had inadequate diary data (n = 12), did not have baseline data about husband's smoking (n = 34), or had menstrual cycles less than 21 or greater than 40 days in length (n = 7). The characteristics of the excluded women were similar to those who were included (15) . This report includes 526 women who intended to conceive, who began recording diary entries and collecting daily urine samples immediately after stopping contraceptive use, and who had adequate diary and hCG data. All of the women included in our analysis had never been smokers.
After obtaining informed consent, we interviewed eligible women and their husbands separately using questionnaires collecting baseline information on menstruation, contraceptive use, reproductive history, sociodemographic characteristics, smoking (including number of cigarettes currently smoked each day), alcohol use, and environmental and occupational exposures. We defined smokers as those who had smoked at least one cigarette/day continuously for one-half year or who had smoked at least 10 packs of cigarettes in total (regardless of how long the time period was during which they smoked). Former smokers were not current smokers and had been a smoker previously. We measured weight and height using standard methods. Beginning from the date of stopping use of contraceptive methods, each woman kept a daily diary to record contraceptive use, sexual intercourse, vaginal bleeding, medication, and medical conditions and collected a daily first-morning urine specimen for hCG assay. We collected daily diary information and first morning urine specimens for up to 12 months or until a pregnancy was clinically confirmed. We monitored women during ensuing pregnancies (or up to 1 year after beginning to attempt pregnancy if there was no pregnancy) and recorded all pregnancy outcomes.
Laboratory assay of urinary human chorionic gonadotropin
We analyzed urine specimens for hCG with the immunoradiometric assay developed by O'Conner et al. (16) using a combination of capture antibodies for hCG-free beta subunit and hCG beta core fragment (B204) and for the intact hCG molecule (B109). This assay was highly sensitive and specific. The lowest hCG concentration detectable by the assay was 0.01 ng per ml (1 mIU = 0.2 ng) (17) . The crossreaction of the assay with either intact luteinizing hormone or luteinizing hormone-free subunit was less than 1 percent. We analyzed and tested all urine specimens from each woman during a single run of the assay. We assayed each urine specimen in duplicate during the window of -10 to +5 days of a menstrual cycle and repeated the assays if the discrepancy between duplicates was greater than threefold. For pairs of duplicate assays with less than a threefold difference, we used the geometric mean of the assays in our analyses. We used the method of Jaffe as described by Husdan and Rapoport (18) to measure urine creatinine levels, and we normalized hCG values to creatinine to adjust for urine concentration. As reference values, we determined the levels of hCG from 67 nonconception cycles of 37 control women who were married but using contraception (n = 4), not married (n = 23), or married but not cohabitating with their husband (n = 10) (15).
Major outcomes and methods of evaluation
The major outcomes and methods of evaluation are described as follows: 1) conception: a conception detected by urinary hCG assay (see below); 2) clinical pregnancy: any pregnancy that lasted 6 weeks or more (≥42 days) after the onset of the last menstrual period and that was confirmed by hCG assay; 3) early pregnancy loss: pregnancy loss (detected by urinary hCG assay) occurring less than 6 weeks (<42 days) after the onset of the last menstrual period; 4) clinical spontaneous abortion: pregnancy loss occurring 6 weeks or more (≥42 days) but no later than 20 weeks after the onset of the last menstrual period; and 5) total pregnancy loss (early pregnancy loss plus clinical spontaneous abortion): pregnancy loss occurring no later than 20 weeks after the onset of the last menstrual period.
Statistical methods
One of the key outcomes of this investigation was early pregnancy loss, which we determined by observing daily urinary hCG values. To distinguish normal variation from a true hCG rise due to conception and to address missing hCG values, we used Bayesian methods (19, 20) to model daily conception status among all the female subjects, including control women who did not conceive. In a previous report (15) , we showed that this model was 100 percent sensitive and specific for those cycles in which the conception status was observable; that is, the probability of conception was 0.0 in all control cycles and 1.0 in all cycles with conception leading to clinical pregnancy.
To investigate the exposure-response relation between paternal smoking and pregnancy losses, we modeled the amount of husband's smoking as an ordinal variable defined by the number of cigarettes that he reported smoking each day at the time of the baseline questionnaire. Reported numbers of cigarettes smoked by the husbands showed strong digit preferences for multiples of five, especially 10 and 20. Cigarettes in China are generally sold in packs of 20. Because of digit preference and to balance the sample size in each category, we first conducted our analyses using four ordinal categories of smoking: none, low (fewer than 10 cigarettes/day), medium (10-19 cigarettes/day), and high (≥20 cigarettes/day). Because the effects of husbands' smoking were found only among those in the highest smoking group, we combined the low and medium smoking groups and repeated the analyses. We present the results here using three ordinal categories of smoking: none, fewer than 20 cigarettes/day, and 20 or more cigarettes/day.
Using women whose husbands did not smoke as a reference group, we estimated the relative odds of early pregnancy loss and total pregnancy loss (early pregnancy loss or clinical spontaneous abortion) among women whose husbands smoked fewer than 20 cigarettes/day and 20 or more cigarettes/day. We initially calculated the relative odds of early pregnancy loss and total pregnancy loss in the first conception cycle and then repeated both analyses three times using the first two, first three, and all conceptions. In models that included multiple conceptions by some women, we estimated standard errors using generalized estimating equations to accommodate correlations in pregnancy losses among conceptions (21) . We used Cox proportional hazards methods (22) to estimate the relative hazards of conception and clinical pregnancy for each smoking group using women whose husbands did not smoke as a reference group.
We adjusted for important covariates in this analysis including both the wife's and the husband's ages (tertiles), education (binary, high school or above), perceived life stress (binary, response of moderate or high to the question, "How would you describe the level of stress in your daily life?"), and exposures to dust (binary) and noise (binary); the husband's use of alcohol (binary), previous smoking (binary), and exposure to any toxins including solvents, metals, gases, fumes, or acids (binary); and the wife's body mass index (binary, body mass index of <19 or ≥19) and tea drinking (binary).
RESULTS
About 45 percent of the husbands included in this report smoked fewer than 20 cigarettes per day, and 13 percent smoked 20 or more cigarettes per day at the time of the baseline survey. As shown in table 1, women in the three husbands' smoking groups were similar in age, height, weight, body mass index, and toxin exposures. Compared with the other two groups, women whose husbands smoked fewer than 20 cigarettes per day had lower education, and women whose husbands smoked 20 or more cigarettes per day had higher dust and noise exposures and less moderateto-high stress and were more likely to drink tea. None of the women drank alcohol. Husbands in the three smoking groups were similar in height, weight, and body mass index. Compared with the other groups, husbands who smoked fewer than 20 cigarettes per day had higher education and higher dust, noise, and toxin exposures. Husbands who smoked 20 or more cigarettes per day were older, less educated, and more likely to drink tea and alcohol and had lower perceived stress. Table 2 shows that similar percentages of women in each smoking group achieved at least one conception (nonsmoking: 95 percent; <20 cigarettes/day: 95 percent; and ≥20 cigarettes/day: 96 percent) and clinical pregnancy (nonsmoking: 90 percent; <20 cigarettes/day: 92 percent; and ≥20 cigarettes/day: 89 percent). There were slightly fewer women in the ≥20 cigarettes/day group compared with the other two groups who had clinical spontaneous abortion (nonsmoking: 10 percent; <20 cigarettes/day: 10 percent; and ≥20 cigarettes/day: 6 percent). Among those who achieved clinical pregnancy without clinical spontaneous abortion, there were slightly fewer women in the ≥20 cigarettes/day group compared with the other two groups who experienced no early pregnancy loss (nonsmoking: 84 percent; <20 cigarettes/day: 81 percent; and ≥20 cigarettes/ day: 76 percent) and slightly more who experienced three or more early pregnancy losses (nonsmoking: 0 percent; <20 cigarettes/day: 2 percent; and ≥20 cigarettes/day: 5 percent). Table 3 shows that, among the 94 percent of subjects who conceived at least once, the group of women whose husbands smoked ≥20 cigarettes/day had the highest prevalence of early pregnancy loss in the first conception (nonsmoking: 22 percent; <20 cigarettes/day: 20 percent; and ≥20 cigarettes/day: 29 percent), the lowest prevalence of clinical spontaneous abortion (nonsmoking: 8 percent; <20 cigarettes/day: 10 percent; and ≥20 cigarettes/day: 4 percent), and the highest prevalence of total pregnancy loss (nonsmoking: 29 percent; <20 cigarettes/day: 30 percent; and ≥20 cigarettes/day: 34 percent). Second conceptions had the same pattern of prevalence of early pregnancy loss, clinical spontaneous abortion, and total pregnancy losses in the three smoking groups as did the first conceptions. Among the relatively few third conceptions that occurred (n = 28), the group of women whose husbands smoked ≥20 cigarettes/ day had the highest prevalence of early pregnancy loss and total pregnancy loss. Table 4 shows the relative odds of early pregnancy loss by husband's smoking status in the first conception, the first two conceptions, the first three conceptions, and all conceptions. Compared with those for women whose husbands did not smoke, the adjusted odds of early pregnancy loss in the first conception cycle for women whose husbands smoked <20 cigarettes/day were 0.81 (95 percent confidence interval (CI): 0.49, 1.33) and, for women whose husbands smoked ≥20 cigarettes/day, they were 1.41 (95 percent CI: 0.73, 2.74). Compared with those for women whose husbands did not smoke, the adjusted odds of early pregnancy loss in all conception cycles for women whose husbands smoked <20 cigarettes/day were 1.04 (95 percent CI: 0.67, 1.63) and, for women whose husbands smoked ≥20 cigarettes/day, they were 1.81 (95 percent CI: 1.00, 3.29). Table 5 shows the relative odds of total pregnancy loss (early pregnancy loss or clinical spontaneous abortion) by husband's smoking status in the first conception, the first two conceptions, the first three conceptions, and all conceptions. Compared with that for women whose husbands did not smoke, the adjusted odds ratio of total pregnancy loss in the first conception cycle for women whose husbands smoked <20 cigarettes/day was 0.90 (95 percent CI: 0.58, 1.41) and, for women whose husbands smoked ≥20 cigarettes/day, it was 1.17 (95 percent CI: 0.63, 2.18). Compared with that for women whose husbands did not smoke, the adjusted odds ratio of total pregnancy loss in all conception cycles for women whose husbands smoked <20 cigarettes/ day was 1.01 (95 percent CI: 0.68, 1.50) and, for women whose husbands smoked ≥20 cigarettes/day, it was 1.45 (95 percent CI: 0.82, 2.56). Table 6 shows the relative hazards of conception and clinical pregnancy among the three smoking groups. Compared with that for women whose husbands did not smoke, the adjusted hazard ratio of conception for women whose husbands smoked <20 cigarettes/day was 0.90 (95 percent CI: 0.70, 1.18) and, for women whose husbands smoked ≥20 cigarettes/day, it was 0.96 (95 percent CI: 0.66, 1.39).
Compared with that for women whose husbands did not smoke, the adjusted hazard ratio of clinical pregnancy for women whose husbands smoked <20 cigarettes/day was 0.93 (95 percent CI: 0.72, 1.20) and, for women whose husbands smoked ≥20 cigarettes/day, it was 0.78 (95 percent CI: 0.55, 1.12).
DISCUSSION
Previous studies of the effect of paternal smoking on pregnancy losses were limited to clinical spontaneous abortions and did not examine early pregnancy losses, while the latter account for two thirds of all pregnancy losses (15) . We found that, in a prospective cohort of women who did not smoke, women whose husbands smoked heavily (≥20 cigarettes/ day) had increased risk of early pregnancy loss after any conception and had a slightly longer time to clinical pregnancy than did women whose husbands smoked less or did not smoke.
Our data suggested that excess early pregnancy loss among the group whose husbands smoked heavily might have comprised both pregnancies that in the absence of exposure would have ended in clinical spontaneous abortion and those * Models adjusted for both wife's and husband's ages, education, perceived life stress, and exposures to dust and noise; husband's use of alcohol, previous smoking, and exposure to toxins; and wife's body mass index and tea drinking.
† Standard errors for both crude and adjusted models estimated to accommodate correlations in pregnancy losses among conceptions from the same woman. consistently highest in each consecutive conception among the group whose husbands smoked heavily (suggesting that some pregnancies that ended in early pregnancy loss would not have ended in pregnancy loss otherwise). This study had several advantages. First, it was a large study in which we prospectively collected information on smoking as well as other covariates. Second, the study subjects were a homogenous cohort of young, nulliparous women who neither smoked nor drank alcohol or coffee. Most notably, we recruited women soon after marriage who planned to become pregnant over the course of the study.
The subjects began to record daily diaries and to collect urine samples immediately after they stopped contraception. Furthermore, this study used a highly sensitive and specific hCG assay to detect early pregnancy loss.
The biologic mechanism through which paternal smoking might affect early pregnancy loss is not well understood but might operate through paternal, as well as maternal, pathways. Paternal smoking might increase the risk of early pregnancy loss in a small number of conceptions by inducing chromosomal damage in sperm (23) (24) (25) . Paternal smoking might also increase the risk of early pregnancy loss through women's exposure to passive smoke. Although the results of previous studies have been inconsistent, exposure to maternal active smoking might affect levels of reproductive hormones such as progesterone and estrogen, which are important for conception and maintenance of pregnancy (26) (27) (28) (29) (30) . In our cohort of nonsmoking women, we found that, compared with women with nonsmoking husbands, those whose husbands smoked had significantly decreased concentrations of urinary estrone conjugates (unpublished data). Other potential passive smoke mechanisms are essentially the same as those for active smoking (2, 31), including vasocontriction and reduced placental blood flow due to nicotine (32), maternal and fetal hypoxia due to carboxyhemoglobin formation, and genotoxicity. In this study, we cannot distinguish whether the observed effect of paternal smoking on early pregnancy loss was mediated through exposure of women to passive smoke from the husband and/ or through direct smoking effects on the men's sperm. Readers should consider several limitations of this study when interpreting the results. First, some misclassification of the magnitude of exposures was possible in this study. We based our estimation of exposures on self-reports by men of whether they currently smoked and, if so, how many cigarettes they smoked each day. Another limitation of our study was that, although the passive smoke exposure of women in our study should have been highly predicted by the amount smoked by their husbands (3), we did not measure the patterns of exposure to husbands' smoking or exposure to sources of passive smoke other than the husband's. We also were unable to determine whether the smoking status of the men changed during the follow-up period. We did not measure a biomarker of tobacco smoke exposure, such as urinary cotinine or hair nicotine. We were able to observe early pregnancy loss only when detectable levels of hCG were produced and excreted in a woman's urine. The true prevalence of early pregnancy loss might have been higher than we observed. Furthermore, because the women in this study were young, nulliparous, and neither smoked nor drank alcohol or coffee, our results might not be appropriately generalized to other populations.
Another potential source of bias in our results is imperfect sensitivity and specificity of detecting early pregnancy loss, which have been described previously (33) . If subjects in different exposure groups have different mean probabilities of conception in any cycle, as groups they will also have different ratios of conception cycles to nonconception cycles. Therefore, even if the sensitivity and specificity of detecting early pregnancy loss are the same for both groups, the relative odds of early pregnancy loss in one group compared with the other can be biased. We observed that women with husbands who smoked had a slightly lower mean probability of conception in each cycle compared with women who had husbands who did not smoke. We cannot precisely determine the sensitivity and specificity of our hCG assay in combination with our Bayesian analytical method to detect early pregnancy loss. We did not empirically observe anything that would have suggested less than perfect sensitivity and specificity. However, the specificity of our Bayesian analytical method could possibly be reduced by spurious high hCG values or high hCG variability in general. To determine what bias might have occurred in our results, we calculated what the true odds ratios of early pregnancy loss would have been, assuming different values of sensitivity and specificity of detecting early pregnancy loss. Generally, lower sensitivity of detecting early pregnancy loss would have resulted in bias away from the null. Lower specificity of detecting early pregnancy loss would have resulted in bias toward the null if sensitivity was good and in little bias if sensitivity was poor.
In conclusion, this prospective study links heavy paternal smoking to increased risk of early pregnancy loss. It adds to an increasing body of literature on the adverse reproductive health effects of both maternal and paternal smoking and underscores the need to target public health interventions toward both maternal and paternal smoking to improve reproductive outcomes.
